SUMMARY
INTRODUCTION
Multiple receptors specific for major histocompatibility complex (MHC) class I molecules are expressed on natural killer (NK) cells. [1] [2] [3] Knowledge of patterns of NK receptor expression on NK cells present in peripheral blood is important in understanding how a limited number of NK cells control anti-viral and anti-tumor activities. Human NK cells express two types of human leucocyte antigen (HLA) class I specific receptors: killer cell-immunoglobulinlike receptors (KIR) belonging to the immunoglobulin superfamily (IgSF) and the CD94/NKG2 heterodimers belonging to the C-type lectin superfamily. 1, 4 Several subfamilies of KIR molecules have been identified: two inhibitory receptors with IgSF domains, 2DL1 and 2DL2, are specific for ligands of HLA-C allotypes produced by alternative amino acid sequence motifs at positions 77 and 80. A third member of this superfamily, 3DL1, is specific for the HLA-Bw4 sequence motif and yet another receptor, 2DL4, binds specifically to HLA-G molecules. 1 All of the inhibitory receptors (DL) share the presence of a cytoplasmic immunoreceptor tyrosine-based inhibition motif (ITIM) that mediates self-recognition and protects against killing by NK cells. Activation or non-inhibitory (DS) receptors (e.g. 2DS1, 2DS2, 3DS1) contain a positively charged amino acid residue (arginine or lysine) within their transmembrane domain and lack the ITIM but associate with DAP12 to form an activating receptor which contains an immunoreceptor tyrosine-based activation motif (ITAM) in the cytoplasmic domain. 5 CD94/NKG2 heterodimers are a family of receptors specific for the non-classical HLA class I molecule, HLA-E. 6 NKG2A, like KIR, also contains an ITIM in the cytoplasmic region and functions as an inhibitory receptor.
KIR genes appear to be polymorphic. [7] [8] [9] [10] The KIR loci are located on chromosome 19q13.4 in the leucocyte receptor complex and those for CD94/NKG2 are located on chromosome 12.p13. 1. 11,12 KIR haplotypes contain framework loci of 3DL3 at the centromeric end, 2DL4 in the middle and 3DL2 at the telomeric end. The genomic loci for 2DL1-3 are between the loci 3DL3 and 2DL4, and the 2DS1-5 genes are encoded between the 2DL4 and the 3DL2 loci. 3DL1/3DS1 are located close to the 2DL4 region. Different numbers of KIR genes are encoded in different haplotypes. 8 The DL and DS genes are highly homologous in exon sequences. 13 The ligands of DL and some DS receptors are HLA class I molecules, and these receptors share extensive amino acid sequence identity in their external domains. 13 An analysis of the NK receptor repertoire in human NK-and T-cell clones was recently reported. 2, 14 Although the genome of a donor encodes a set of KIR genes, it is not known whether different cells within an individual may each express a different subset of the KIR genes carried by that individual and whether the expression of these genes is random or co-ordinated. Understanding the expression pattern of NK receptor genes in single cells is important because individual cells expressing a specific set of receptors may exhibit discrete functions, and these functions may be dependent on the expression or lack of expression of certain KIR genes.
The expression of KIR genes has been shown to be highly diverse and independent of one another in NK-or T-cell clones derived from individuals. 2, 14 Some KIR receptors, such as 2DL4, 3DL2 and 3DL3, reportedly are expressed on all NK cells. 2, 15 Since in these studies bulk cells or clones were used, it is likely that the results may be influenced by cytokines or other growth factors needed for the production and/or maintenance of viability of NK cells in culture. Also, mRNA from bulk cells represent an average value for cells expressing or not expressing a gene. Therefore, results from such studies may not represent the true expression repertoire of NK receptors in peripheral blood NK cells.
The expression profile of multiple genes in a single cell can be determined with high efficiency using a reverse transcriptase polymerase chain reaction (RT-PCR) method. 16 In mice, the expression profile of NK receptor genes Ly49 and NKG2A was studied at the single-cell level. 3 Mouse NK cells express different sets of NK receptors and the expression pattern is diverse and primarily stochastic. A similar analysis of the expression pattern of KIR genes in non-activated primary NK cells in humans is lacking.
In this paper we report, for the first time, the expression of several KIR and CD94/NKG2A genes in individual CD3 A PCR strategy based on 3k-end amplification and cDNA synthesis followed by NK receptor gene-specific PCR was used to detect specific mRNAs in a single cell. 17, 18 The lysate was centrifuged (8000r g, 5 min, 4u), and the supernatant was collected and used for reverse transcription with Moloney murine leukaemia virus reverse transcriptase (Promega) using an anchored oligo-dT primer with a specific 5k-end sequence allowing subsequent amplification. Second-strand synthesis was carried out using a random primer (CTGCATCTATCTAATGCTCCNNN-NNCGAGA) (obtained from Genosys Biotechnologies, The Woodlands, TX) designed to initiate second-strand synthesis within one kilobase of the 3k-end of each gene. The primary PCR reaction was carried out under the following conditions: 92u for 2 . 5 min; 60u for 1 . 5 min; 72u for 1 min for 10 cycles followed by re-amplification of PCR products from the previous reaction. Final gene-specific PCR was carried out with 5 ml of PCR product using 1r PCR buffer, 12 . 5% sucrose, 12 mM b-mercaptoethanol, 0 . 5 mM dNTPs, 0 . 6 U ampliTaq DNA polymerase and 100 ng of each primer (all from Promega). PCR was carried out for 30 seconds at 92u, 90 seconds at 60u and 60 seconds at 72u for 30 cycles followed by a final extension for 10 min at 72u. The PCR products were run on agarose gels and visualized in the presence of ethidium bromide and photographed. The primers selected were based on published sequences (Table 1 ) and mRNA regions with the greatest sequence variability 2 and a random pentameric sequence for second-strand synthesis that eliminates preferential amplification. Conditions such as primer concentration, Taq polymerase specificity, cell solvent, PCR annealing temperatures and cycle numbers were optimized to achieve greater than 95% efficiency as determined by the presence of mRNAs for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and b-actin. Specificity of the PCR products was determined by cloning of PCR-amplified sequences into TOPO2 cloning vector and sequencing. Our results showed that it is possible to detect densitometrically quantifiable proportional amounts of an expressed housekeeping gene from flow-sorted cells at the level of 1, 10, or 100 cells (data not shown). Receptor expression was considered positive when bands of the predicted sizes and sequences for the full-length cDNAs were visible. Only those wells in which b-actin cDNA was detected were used for the analyses of NK receptor expression. Negative controls included primers to test for a non-amplified intron sequence and CD14 (a gene known not to be expressed in NK cells), a no RT reaction product to ensure that contaminating DNA is not present, and a pseudogene-free sequence of porphobilinogen deaminase to eliminate possible pseudogene amplification. The overall efficiency of detecting receptor-specific mRNA in a single cell was greater than 95%. Therefore, the absence reflected either a complete lack of mRNA synthesis or the level was too low to be detected by the method used.
Statistical analysis
Single-cell RT-PCR data are presented as a proportion (frequency) of cells expressing one or more NK receptors. Expression pattern analysis was performed using the x 2 method. The significance of differences in frequencies of observed and expected receptor expression was tested using the Pearson w 2 method. The expected frequency was calculated on the assumption of independence (stochastic) of receptor gene expression and was determined by the product rule. 19 The deviation from randomness is defined by a parameter d=[f(o)xf(e)]/f(e), where f(o) is the observed frequency of cells jointly expressing certain receptors and f(e) is the expected frequency calculated using the product rule. The parameter d can have a 0, positive, or negative value; d=0 indicates that the genes are expressed independently and the process is stochastic; d>0, suggests increased frequency of joint expression and consequently the mechanism could be non-stochastic. Finally, d<0 suggests reduced frequency of cells expressing a particular receptor combination which could be a result of either inhibition of the receptor expression or deletion of cells expressing two receptors.
RESULTS
Our study showed that the expression of several NK receptor genes could be simultaneously detected in a single cell using the RT-PCR method (Fig. 1) . A total of 38 NK cells from three donors were analysed for the simultaneous expression of up to nine different receptor genes: seven KIR (2DL1, 2DL2, 3DL1, 2DL4, 3DS1, 2DS1, 2DS2) and two C-type lectin receptors (CD94/NKG2A). For the purposes of our analysis we combined the data from the three donors.
The single-cell RT-PCR analysis revealed a complex pattern of receptor gene expression in individual NK cells (Fig. 2) . Frequencies of cells expressing different NK receptor genes were determined. The frequency distribution of receptors resembles a Poisson distribution (data not shown). About 5% of cells expressed only two NK receptors per cell and 3% of cells expressed eight out of nine NK receptors tested. The most common number of expressed receptor types was five (in about 30% of the cells tested). The maximum number of KIR receptor (DL and DS) types expressed was six (out of seven KIR genes tested).
A comparison of the frequencies of cells expressing DL and DS genes showed that DL genes were expressed consistently more often than DS genes (Fig. 2) . About 18% (seven out of 38) of cells expressed only one DL gene, whereas 63% (26 out of 38) of cells expressed only one DS gene and 13% (five out of 38) of cells expressed no DS genes. On a per cell basis, 1 . 6 DL genes were expressed for every one DS gene. This suggested that, in resting cells, the frequency of DL receptors was high compared to that of DS receptors. Table 1 . Natural killer receptor amplification primer sequences* KIR2DL1 F: 5k GCA GCA CCA TGT CGA TCT 3k KIR2DL1 R: 5k GTC ACT GGG AGC TGA CAC 3k KIR2DL2 F: 5k CCA CTG CTT GTT TCT GTC AT 3k KIR2DL2 R: 5k CAG CAT TTG GAA GTT CCG C 3k KIR3DL1 F: 5k ACA TCG TGG TCA CAG GTC C 3k KIR3DL1 R: 5k TGC GTA TGT CAC CTC CTC 3k KIR2DL4 F: 5k TCC TCA TTA GCC CTG TGA CC 3k KIR2DL4 R: 5k GTC ACT CGG GTC TGA CCA CT 3k KIR2DS1 F: 5k TCT CCA TCA GTGC GCA TGA A/G 3k KIR2DS1 R: 5k AGG GCC CAG AGG AAA GTT 3k KIR2DS2 F: 5k TGC ACA GAG AGG GGA AGT A 3k KIR2DS2 R: 5k CAC GCT CTC TCC TGC CAA 3k KIR3DS1 F: 5k GGC ACC CAG CAA CCC CA 3k KIR3DS1 R: 5k AAG GGC ACG CAT CAT GGA 3k CD94 F: 5k GCA GTG TTT AAG ACC ACT CT 3k CD94 R: 5k CTG TTG CTT ACA GAT ATA ACG 3k NKG2A F: 5k CCA GAG AAG CTC ATT GTT GG 3k NKG2A R: 5k CCA ATC CAT GAG GAT GGT G 3k *Sequences taken from refs 2 and 7.
A comparison of the frequencies of DL receptor types showed that the frequency of 2DL2 was significantly lower than that of 2DL1, 3DL1, or 2DL4. Using the single-cell RT-PCR method, 2DL4 gene expression was detected in only of 68% of cells. The C-type lectin-like receptors NKG2A and CD94 were expressed in 74% and 66% cells, respectively. Indeed, in a separate study, FACS analysis of cells from the same donors showed that the frequency of cells expressing CD94 was in the range of 55-75% (data not shown), a value consistent with that observed using the single-cell RT-PCR method. There were 53% of cells that expressed both the CD94 and NKG2A receptors and 13% expressed neither receptor molecule.
Associations between expression of different DL and DS genes within NK cells were analysed (Table 2) . A significant association was observed between the expression of 2DL2 and 2DS2 genes (x 2 =16 . 5; P<0 . 001). Nine of the 38 (24%) cells coexpressed the 2DL2 and 2DS2 genes, whereas, 23 out of 38 (60%) cells did not express these genes. Five out of 38 (13%) cells expressed 2DL2 but not 2DS2, and only one (3%) cell expressed 2DS2 but not 2DL2 gene. This suggested that the expression of the 2DL2 and 2DS2 genes is correlated. In contrast, a weak association was observed between 2DL1 and 2DS1 expression (x 2 =5 . 6; P<0 . 05). Coexpression of 2DL1 and 2DS1 genes was observed in 15 out of 38 (40%) cells, whereas, 10 (26%) cells did not express any of these genes. Eleven (29%) cells, and two (5%) cells demonstrated the expression of the 2DL1 gene, and the 2DS1 gene, respectively. Thus, the frequency of cells coexpressing the genes 2DL1 and 2DS1 was higher than that of the cells coexpressing the 2DL2 and 2DS2 genes (40% versus 24%). To understand whether the expression pattern of KIR genes shown in Fig. 2 can be explained on the basis of random expression (stochastic mechanism) we compared the observed frequencies with the expected frequencies. The expected frequency was calculated as a product of the frequency of individual receptors, and is based on the assumption that the expression of KIR genes in a cell is random (product rule). Any deviation of the observed frequency from the expected frequency will indicate non-random expression of the genes. Specifically, we analysed the frequencies of coexpression of different combinations of two or three KIR (3DL1, 2DL1, 2DL2, 2DL4, 3DS1, 2DS1 and 2DS2) genes. The observed and expected frequencies of coexpression of DL and DS receptors are shown in Table 3 . We found a significant increase in the frequency of the cells jointly expressing 2DL2 and 2DS2 genes over that expected from the product of their individual frequencies (d=1 . 46; P<0 . 005). We also observed a decrease in the frequency of cells coexpressing 2DS1 and 2DS2, or 2DS1 and 3DS1 genes although these differences did not reach the level of significance (at P<0 . 05). No significant differences were found between the observed and expected frequencies in other DL and DS combinations. The expression pattern of 2DL2, 2DS2 is consistent with different genes encoding these receptors.
Results of the analysis of combinations of three and four receptors did not show any significant deviation from random expression (data not shown). Several combinations were either absent or rarer than predicted by random association.
To examine whether the presence or absence of the 2DL4 receptor is associated with random or non-random coexpression of a combination of 2DL1, 2DS1, 2DL2, or 2DS2 genes, we analysed the expression of 2DL1 and 2DL2; 2DS1 and 2DS2; 2DL2 and 2DS2 genes in 2DL4 + (n=26) and 2DL4 x (n=12) cells. We observed that the concordant expression of the 2DL1 and 2DL2 genes was three-fold higher in 2DL4 + cells than in 2DL4 To determine whether the HLA of the donors affected the frequency of NK cells expressing specific KIR receptors, we compared the frequency of 2DL1 + and 2DL2 + cells in donors homozygous and heterozygous for the ligands for 2DL2 (HLA-Cw7/Cw7; n=23 and HLA-Cw1/Cw2; n=15, respectively). The cell frequencies in the 2DL2 ligand homozygotes and heterozygote were, respectively, 35% and 40% for 2DL2 + cells and was 61% and 80%
for 2DL1 + cells. Thus, the difference between the homozygotes and heterozygote was not significant. This suggests that, in the limited sample tested, the host zygosity has no significant effect on the frequency of total 2DL1 + or 2DL2 + cells.
DISCUSSION
In this paper we describe the expression of a selected number of NK receptors genes in a panel of resting primary CD56 + NK cells using a single-cell RT-PCR assay. Our results revealed a complex pattern of NK-cell receptor expression in these individual NK cells and showed that different cells within an individual express a subset of the available KIR repertoire. Although the genomes of the donors encoded genes for 2DL1, 2DL2, 2DL4, 3DL1, 2DS1, 2DS2 and 3DS1 (other KIR genes were not tested) none of the cells examined expressed the complete set of these genes. The important findings of this study are the following.
(1) No NK receptor is expressed universally on every NK cell, (2) There is a significant heterogeneity in receptor expression (two to six KIR types are expressed per cell on a per cell basis and DL genes are expressed more frequently than DS genes), (3) The expression of DL and DS receptor genes is independent in a majority of cells, (4) There is co-ordinate expression of 2DL2, 2DS2 and 2DS1, 2DS2 genes, and (5) There is a lack of association between 3DL1 and 3DS1 expression.
The lack of association in the expression of 3DL1 and 3DS1 genes is consistent with the suggestion that these two genes are related as alleles. [8] [9] [10] Earlier studies of clones by surface staining with available KIR-specific antibodies and by PCR-based methods demonstrated diversity in inhibitory receptor expression on NK and T cells. 2, 14 Overall, the observed frequencies of cells expressing multiple receptors are consistent with a random expression of individual KIR receptor genes except for certain combinations that showed nonrandom association. However, significant increases in the frequencies of cells expressing the combinations 2DL1/ 2DS1, 2DL2/2DS2 and 2DS1/2DS2 (Table 2 ) over those expected from the product of their individual frequencies suggests a non-stochastic mechanism for the expression of these receptor genes.
2DL4 is a framework gene and is located between the 2DL1/2DL2 and 2DS1/2DS2 gene clusters. 8, 9 Earlier studies suggested that the receptor 2DL4 is present on all NK cells. 2, 17 In contrast, in our present study the 2DL4 gene was expressed in only 68% of all cells tested. A recent study of the surface expression of 2DL4 on resting and activated NK cells in certain individuals, determined by a 2DL4-specific antibody staining and flow cytometry, showed that there is a small but significant proportion of NK cells in some individuals which either lack or express low levels of 2DL4. 17, 20 This is in concordance with our findings. The heterogeneity in 2DL4 expression may have important implications for the function of NK cells. In spite of the fact that 2DL4 contains an ITIM motif in its cytoplasmic region, it is in fact an activation receptor as it carries a positively charged amino acid in the transmembrane region and upon activation induces interferon-c (IFN-c) production. The lack of 2DL4 expression in some NK cells suggests that NK cells are heterogeneous with respect to IFN-c production, and therefore some NK cells may not produce this cytokine when activated.
The 2 The finding that the expression of the 2DL2 and 2DS2 genes is strongly associated supports their observation. However, we did not observe co-ordinate expression of the 3DS1 and 2DS1 genes (Table 3) as reported by these investigators. One possible explanation for the difference in our results from those of Uhrberg et al. could be their use of cloned NK cells for determination of the frequency of expressed KIR genes. The assumption that the frequency of expressed DL and DS genes on NK clones reflects the true receptor expression frequency per cell in vivo might not be correct because receptor frequencies determined using cloned cells may be biased, due to cytokines used in their production and maintenance. Alternatively, the observed occasional absence of specific receptors such as 2DL4, could be due to a low copy number of appropriate KIR mRNA in individual cells. The RT-PCR method used in this study is a powerful and efficient method in detecting cDNA at low abundance. 15 However, the efficiency of detection of several mRNA species is likely to decrease when their detection is attempted in a single cell. Nevertheless, this method provides the opportunity to perform an initial screen and can be followed by single gene expression analysis by Northern blots.
Studies in mice suggest that host MHC class I genes affect the MHC-specific inhibitory receptor repertoire. [21] [22] [23] Studies in humans, however, have not provided any conclusive evidence that host HLA affects the NK receptor repertoire. 24, 25 The frequency of total 2DL2 + NK cells in homozygous and heterozygous donors, using receptorspecific antibody staining, was not different. 26 Similarly, the single-cell data presented here do not show any significant effect of HLA on the overall NK repertoire. Our present data are insufficient to suggest conclusively regulation of KIR receptor expression by host HLA. A study using a larger number of cells from several HLA-genotyped donors is currently underway in our laboratory to investigate this question.
Single-cell analysis has shown heterogeneity in receptor expression among NK cells even when the cells are obtained from the same donors. Although most KIR receptors are randomly expressed in individual cells, the genes 2DL2 and 2DS2 as well as the genes 2DL1 and 2DS1 are co-ordinately expressed in NK cells. NK receptors are expressed in a cumulative and sequential manner during development. 19 Independent expression of NK receptors commonly observed in NK cells cannot explain the coexpression 2DL2/2DS2 or 2DL1/2DS1 genes. One possible explanation of linked expression of these genes could be that a common regulatory element regulates the expression of 2DL2 and 2DS2, or 2DL1 and 2DS1 receptor genes that are located within a 100 kilobase region. Studies in vitro as well as in vivo have shown that differentiation of progenitor NK cells is regulated by MHC class I genes expressed on stroma cells and cytokines. [27] [28] [29] It is likely that the reduced frequency of the cells expressing the 2DL2/2DS2 genes compared to the cells expressing the 2DL1/2DS1 genes in donors expressing two copies (homozygous for HLA-Cw7) and one copy (heterozygous for HLA-C) of 2DL2-ligands could be due to the inhibition of the expression of the 2DL2, 2DS2 genes but not the 2DL1, 2DS1 genes by the 2DL2-ligands. The single-cell analysis of KIR receptor expression on NK cells from stem cells and in the presence of HLA-matched or -mismatched stroma cells and determined at different times in the presence of cytokines will provide definitive information about the mechanism of expression of KIR receptors and generation of NK receptor diversity.
The simultaneous detection of multiple receptors in a single cell by RT-PCR is a powerful tool for receptor expression profiling in uncloned cells. Like the microarray technique, simultaneous determination of several receptor and other genes in a cell using the single-cell RT-PCR method described in this paper could provide 'discovery phase' information not obtainable by any other currently available technology. The expression or lack of expression of several NK receptor genes in single cells would provide valuable information about possible mechanisms of NK receptor expression. Knowledge of combinatorial expression of the NK receptors at the single-cell level will greatly facilitate our understanding of the transcriptional regulation of NK receptor genes and provide an efficient way of decoding the rules of receptor expression during development.
